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hv^" ''".f "•''"y scanned phased array with low sidelobes and tapered aperture illumination is disclosed. The array is 
(?2 75')Ld firand7.r„H 1^'.,"""°''' r'"''^ « ''^Y aP«rt»re formed by main radiating cleZ 

ulllT^^ } r u r f «"="y.''"ays formed.by ancillary radiating elements (70-71 and 76-77). For a linear aper- 
couoled to cZ j^rH'"' " rT'*' P""^? '"^'^"^ ««er the beam to one of the available beam locations, and 

77? ? "^u"" "^iS elements (72-75) and the ancillary array radiating elements (70- 

Ind bS' ' ,""^1."^^ ' '"''^ P"^* 8'^<'«"« el^enti of the r«pective ariay 

larv a^av ane""-^^^^^^^ r discontinuities across the main and ancU: 

h/.^7r,L?„T ° P '"^ '>«*«n 'he respective elements of the main array radiating elements (72-75) and 

.'^n Jch « , I * "^S"""^ array rad ating elements (70-71 and 76-77) are selected to provide a desired aperture illum?na- 
perfo^ance at K .Humination. The array may be constructed with identical modules, resuhingin impred 
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LOW SIDELOBE PHASED ARRAY ANTENNA 
USING IDENTXCAL SOLID STATE MODULES 

BACKGROUND OF THE T NVENTION 
1 The invention relates to phased array antennas 

employing active RF modules containing transmit and/or 
receive amplifiers, and more particularly to a technique 
for achieving low sidelobes in such an antenna, 
5 Phased array antennas which employ feed networks 

and comprising- active transmit/receive microwave modules 
■have been implemented and described in the literature. 

Techniques for controlling the sidelobes of -such 
systems also exist. One technique which has been used in 
10 the past to achieve low transmit sidelobes (tapered 

aperturfe illumination) is to use modules with different 
power outputs. This provides a stepped aperture distri- 
bution which produces low sidelobes adjacent the beam. 
Disadvantages of this technique are: 
15 1, The steps in the aperture "distribution lead 

to high sidelobes in the region away from the beam. 

2. The requirement of modules having different 
power outputs leads to higher production cost. 

3. The different output powers of the modules 

20 are obtained by varying the number of solid state devices 
in the output stage. This requires different combiners 
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1 With different losses and phase error, thus making the 
system more complex. 

4. Different driver chains are required leading 
to phase and amplitude tracking (between modules) over 
5. the frequency band thus tending to increase the 
sidelobes. 

To get a tapered amplitude, varying the modules' 
supply voltages- will change output power; however, the 
dc-to-rf efficiency decreases and phase tracking is 
1.0. difficult, particularly in the class c amplifiers often 
used. The use of class A amplifiers will produce varying 
output by simply varying the input; however, the 
efficiency will be poor since typically a 10 dB output 
power variation is. required. 
15 Another technique which requires only identical 

modules is to decompose the transmit aperture into equal 
power segments which necessarily contain different 
numbers of radiating elements for a tapered illumination. 
This requires phase • shifters ■ downstream from the transmit 
amplifiers introducing one-way losses of l dB or more. 

One purpose of the invention is to provide an 
electronically scanned phased array antenna for radiating 
low sidelbbe beams using identical sblid state modules 
without the aforementioned disadvantages. 
25 Another purpose of the invention is .to" provide a 

phased array antenna-^tfh±eh-empioys-ident-i€a-l— modules-to_ . 
achieve radiation patterns having low sidelobe levels, 
and avoids the need for lossy phase shifters between the 
transmit amplifiers and radiating elements. 

30 
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i SUMMARY O F THE INVFNTTnKT 

The foregoing' and other purposes and features are 
provided by the invention in a phased array employing a 
5 uniform corporate feed network coupled to 2N radiating 
elements. In a first embodiment, the corporate feed net- 
work divides the array input signal into N feed outputs 
of equal power and phase. N beam steering phase shifters 
are coupled to corresponding ones of the feed outputs. A 
10 first set of N main radiating elements are spaced apart 
to. form a linear main radiating aperture. Second and 
third sets of N/2 ancillary radiating elements are 
disposed in respective spaced relationships to each end 
of the main aperture to form first and second ancillary 
element radiating apertures. 

In a second embodiment, the ancillary elements are 
disposed at only one end of the main aperture. • 

The main element and ancillary element apertures in 
both embodiments form a linear composite array aperture. 
Means are provided for coupling each phase shifted feed 
output to a main radiating element and corresponding one 
of the ancillary radiating elements such that a uniform 
phase gradient is invoked between the respective elements 
of the main element aperture and the respective elements 
2^ of the ancillary element apertures. Bi-state phase 
correctors are employed to correct the phase of the 
respective signals applied to the ancillary elements to 
achieve phase continuity between the respective adjacent 
elements of the main aperture and the ancillary aperture. 
The coupling means, the beam steering phase shifters and 
the bi-state phase correctors preferably form N modules. 
By appropriate control of the beam steering phase 
shifters and the bi-state pha'^se shifters, the beam 
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I generated by the array may be scanned through a set of 
discrete angles. 

in another embodiment, the array further comprises 
circul.ator/duplexers,. low. noise amplifiers and additional 
5 coupling elements to eliminate the lossy high power 
bi-state. phase correctors and provide two receive chan- 
nels. In another embodiment, . a twordimensional array 
system is provided, by which the signal driving each main 
element is coupled to two ancillary elements and in yet 
10 another embodiment, a two-dimensional array is provided 
by which the. signal driving each main element is coupled 
to three ancillary elements, m each of the embodiments, 
substantially identical modules are used so that they 
are interchangeable with others within the embodiment. 

15 

BRIEF DESCRTPTTQW nv Tf fE DBAWTur.Q 

These and other features and advantages of the • 
present invention will become more apparent from the 
2g following detailed description of exemplary embodiments, 
thereof, as illustrated in the accompanying drawings, in 
which : 

FIG. 1 is a schematic circuit diagram depicting a 
transmit array comprising N basic elements combined with 
N additional elements to provide an extended array of 2N 
elements fed by^ an artay of phase shifters connected to a 
uniform corporate feed. 

PIG. 2 is a plot of the phase of an exemplary 
aperture distribution for the extended array of PIG. 1, 
30 i^l"s*=J^ating the phase correction supplied by the inven- 
tion between the main aperture and ancillary apertures to 
achieve a continuous linear phase progression over the 
. aperture . • •. • 
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i: FIG. 3 is a plot of the amplitude of an exemplary- 

tapered amplitude distribution for the extended array of 
FIG. 1, illustrating the respective amplitude from a main 
element and the corresponding coupled element. 

5, FIG. 4 is a simplified array beam pattern illustra- 

tive of beams which may be formed from the basic array of 
FIG. 1 when the phase shifters provide the same discrete 
phase gradients as an N element Butler or multiple beam 
matrix. 

10 5 is a simplified array beam pattern illustra- 

tive of the discrete beams using the discrete Butler 
phase shifts which may be formed with the extended array 
of- FIG. 1. 

FIG. 6 depicts the usage of a Magic T power divider 
^5 to achieve the desired phase and amplitude for each pair 
of elements in the extended array of FIG. 1. 

FIG. 7A is a simplified schematic diagram of one 
exemplary transmit module embodying one aspect of the 
invention. 

2Q FIG. 7B is a schematic block diagram of an array 

system employing the transmit modules depicted in FIG. 
7A. 

FIG. 8A is a plot of the amplitude of an exemplary 
tapered amplitude distribution for the extended array of 
FIG. 1 resulting in the 27.5 dB sidelobes shown in FIG. 
8B,"~*and" whxc7i~'we by trial and error. 

FIG. 9 is a schematic circuit diagram depicting 
another line source embodiment comprising N basic 
elements combined with N additional elements to provide 
an extended array of 2N elements in a side-by-side 
configuration. 
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X FIG. lOA is a simplified schematic diagram of an 

exemplary transmit/receive module for monopulse 
operation. 

FIG. lOB is a schematic block diagram of an array 
5 system employing the transmit/receive modules depicted in 
FIG. lOA. 

FIG. 11 is' a schematic diagram and a perspective 

view of a solid state transmit/receive module package in 

accordance with the invention. 
X^O: FIG. 12A-12C illustrate three respective 

embodiments of the basic transmit circuit employed in 

accordance with the invention. 

FIG. 13 is a schematic depiction of the connections 

between the basic arrays of a two dimensional array and 
3-5. the ancillary arrays employed in accordance with the 

invention. 

FIG. 14 is a simplified schematic diagram of the ' 
interconnected apertures forming the two dimensional 
array of FIG. 13 . • . . . - 

20: ^® ^ simplified schematic diagram of an 

embodiment of a transmit module embodying the invention 
for the two dimensional array of FIGS. 13 and 14. 

FIG. 16 is a simplified schematic diagram ot an 
embodiment having one main element and three ancillary 
elements in a plahar array. 

FIG. 17 is a simplified schematic diagram of an 
embodiment of a transm^it module usable in the array of 
FIG. 16. 
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DETAILED DESCRIPTION OF THE DTSCT.QSURE 

5 The basic operating principles of the invention may 

be better understood by considering first a transmit 
array 50 as shown in FIG. 1. A uniform corporate feed 55 
with outputs 56-59 of equal amplitudes and phases feeds 
an array of N phase shifters' 60-63 and N radiating ele- 
10 ments 72-75, The number N is assumed to be even in the 
following discussion of the preferred embodiment; 

Although the term ''transmit" has been used in 
various places herein, those skilled in the art will 
recognize that reciprocity dictates an identical or at 
15 least similar operation in a' receive mode- Therefore, 
the term "transmit" is used in those instances only for 
convenience of description and may in fact include the 
operation of receive. Likewise the term "radiative" may 
also include "receptive". 
20 Phase shifter 60 has a coupler 80 which feeds 

elements 72 (R^) and 76 (R^^^), phase shifter 61 has a 
coupler 81 which feeds elements 73(R2) and '7'7(Rj^^2)' 
phase shifter 62 has a coupler 82 which feeds elements 74 
and 70, and phase shifter 63 has a coupler 83 which feeds 
25 elements 75 and 71. 

Phase correctors 85-88 respectively couple element 
70 to coupler 82, element 71 to coupler 83, element 76 to 
coupler 80, and element 77 to coupler 81, Each serves to 
provide a phase shift a between the respective pairs of 
30 elements* 

Array controller 40 provides control signals to the 
respective phase shifters 60-63 and 85-88 to control the 
respective phase shifts- introduced by these elements. 

The array comprising radiating elements 72-75 may "be" 
35 viewed as forming a main element aperture, the array com- 
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prising elements 70 and 71 a first ancillary array aper- 
ture, and the array comprising elements 76 and 77 a second 
ancillary array aperture.- ..If a phase gradient ^ between 
the radiating elements is. invoked in the beam steering 
phase shifters 60-63, the 'same- gradient . exists, at all 
three apertures. However, there is a phase discontinuity 
at the boundaries between, the main array aperture and the 
two ancillary apertures. This phase discontinuity is 
illustrated in FIG. 2, where the solid lines depict the 
phase of the array aperture distribution as a function of 
distance across the aperture. The. phase correctors 85-88 
are provided to adjust the phases at the ancillary ele- 
ments 70,71, 76, 77 to eliminate the phase discontinuity. 
The magnitude of the phase shift a of the phase correctors 
15 85-88 is chosen to produce 'phase continuity between 
elements 71 (R^) and. 72 (R^) , and- between elements 75 (R^,) 
and 76(Rjj^j^), resulting in a ■ continuous linear phase 
across the resultant array aperture comprising- the main 
aperture and the first and second ancillary apertures . 
20 The' corrected phase of the first .and second ancillary 
apertures is illustrated by the dotted lines in FIG. 2. 
Further, the beam produced by the resultant aperture may 
be scanned in space by varying the beeun steering phase 
gradient ^ and the correcting phase shift o. • 

The coupling values of the couplers 80-83 may be 
chosen to produce a tapered aperture • illumination which 
satisfies the energy conservation relation between ampli- 
tudes Aj^ and A^^j^j (arising from the couplers) at elements 
n and- n+N , 



25 
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^n *n+U = constant, - ^+1 , ^ N+1 
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1 The selection of the appropriate coupling values of 

the couplers' 80-83 is illustrated in PIG, 3, showing the 
amplitude of an exemplary tapered aperture distribution as 
a function of distance over the aperture of the array of 
5 FIG. 1. This exemplary distribution is a tapered one for 
achieving low sidelobes in the array pattern off the beam. 
The position of exemplary element is indicated in FIG. 
3, as is the position of the corresponding element ^^^^j^ in 
the second ancillary array which is coupled to element R^. 

10 Given the desired distribution and the positions of the 
radiating element, the desired amplitudes at each radiat- 
ing elements is readily obtained. The required coupling 
factor may be calculated from the desired corresponding 
amplitudes of the respective elements. For example, in 

15 FIG. 3 the distribution amplitude at element R^^ varies as . 
cosBf while the amplitude at element ^^^^ varies as sinB/ 
with 3 representing the power coupling factor of the 
coupler (cos^S + sin^g = 1). 

In the general case, the phase progression between 

20 elements and the phase correction a may be selected to 
scan the array beam at any desired beam angle. The corre- 
sponding values of the phase shift a necessary for a 
continuous linear phase across the extended aperture may 
be calculated in the following manner. The output voltage 

25 at each radiating element for uniform amplitude and 

cons tant _pha se progres sion J» _is _ 

j (h-n) ^ _ 
V = e n = 1,...N, n = (1+N) /2 (1) 

n 

•^^ Smooth phase progression requires 
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^ = e^^ where (2a) 



''n+I ^1® (2b) 

substituting Eg. i with n equals 1 or N, and Eg. 2b into 
Equation 2a yields the relation of Eg. 3. 



« 1 



(3) 



To satisfy Eq. 1 for arbitrary the phase correc- 
tors 85-8& are variable over the range 0*»-360*». At the 
15 current state of the art, such phase shifters are avail- 
•able, but may introduce significant losses which are 
undesirable for some applications. 

The phase correctors 85-88 can be simplified or 
eliminated for a particular set of values of the phase 
20 progression ^, the phase shifts which are characteristic 
of the Butler matrix. 

The uniform corporate feed 55 and the beam steering 
phase shifters 60-63 of FIG. 1 may be viewed as function- 
ing as the equivalent of one portion of an N-port (N 
2S inputs and N outputs) Butler matrix. The corporate feed 
55 and phase shifters 60-63 provide only a single beam at 
any given time, but different beams can be generated by 
changing the phase shift ^ of the shifters 60-63 , The 
general Butler matrix can produce simultaneously N 
30 equally spaped beams, each with a gain of N times the* 
element gain. Butler matrices are well known in the art, 
and are described, for example, in "Multiple Beams ftom 
Linear Arrays," J.P. She^lton and k.S. Kelleher, IEEE 
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^ Trans. Antennas and Propagation, Vol. AP-9, page 154, 
March 1961. 

Eq. 1 set forth the phase relationship for the 

phase shifts which are characteristic of a Butler matrix 

5 2ff - 

* » (m-n), with n = (l+N)/2 , in«l,..N (4) 

With these characteristic phase shifts, an array of 
N equally spaced radiating elements fed by an N port 
Butler matrix produces beams as shown in FIG. 4, i.e., 
sinx/x patterns with 4 dB crossover. By using the cou- 
plers 80-83 feeding 2N elements to form the extended 
apertures as shown in FIG. l, and with the phase shifters 
60-63 providing the set of phase shifts specified in Eq. 
4, the resultant array aperture of FIG. 1 is twice as 
large as the Butler matrix and the beams directed in the 
same directions are approximately half the width (exactly 
half for all equal power splits), as indicated in FIG. 5 

by the beams in solid lines. Beam crossovers are very 

low (at the nulls for equal power split couplers). J. P. 

Shelton, ''Reduced Sidelobes for Butler Matrix Fed Linear 

Arrays," IEEE Trans. Ante nnas and Propagation ^ " Vol. 

AP-17, page 645, September, 1969. 

To obtain full coverage over the scanned area, it ' 
25 ^® necessary to fill in the missing beams (shown in 

phantom lines "in FIG. 5) using the beam steering phase 

shifts 

^ « {27r/N) (m-H + 1/2) m = 1,...N (5) 



30 



If the progressive phases given by Eqs. 4 or 5 are 
substituted into Eq. 3, and multiples of 2ir are discarded, 
then a = ir or 0, respectively, if N is even and a « 0 or ir 
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1 if N is odd. In either case, N even or odd, it is neces- 
sary to have two phase states a = 0 or tt in order to 

satisfy Eq. 5. Thus, the main element R and the corre- 

n 

spending element K^^^ or R^^^^^ are either excited in phase 
5 for one set of beams (a = 0) or out of phase for the 
second set of beams (a.= it). With i(> and a so chosen, the 
phase is continuous between elements Rq and R^ as well. 
Thus, the. phase correctors 85-88 for .the special case of 
the Butler phase shifts • specified by Egs. 4 and 5 are 

10 simplified to bi-state phase correctors having the two 
possible states 0 and u. 

The couplers 80-83 may be chosen to produce a 
tapered amplitude distribution and the progressive phase 
shift provided by the beam steering phase shifters 60-63 

15 may be chosen to place beams at discrete angles 9 given by 

kd sine = ij» (6) 

where d is the radiating element spacing, k is 2Tr/X, X is 
20 the wavelength, 0. is the angle from thef normal to the 
array, Hi is given by Equations- 4 or 5 and a is either 0 or 
ir. * 

The loss incurred by the bi-state phasie correctors 
85-88 is typically 1 dB at the present state of the art. 

25 These devices can be eliminated by using phase to produce 
both the desired amplitude and phase a. If the sidearms 
of a magic T coupler device are excited by two equal 
amplitude signals 1/(2)'^ with phases and the sum 

arm output is cos<6^ and the difference arm output is sin 

30 flJ^, where is selected to produce the correct power 
split. ■ This is depicted in FIG. 6 which illustrates a 
cir:cuit which is the equivalent of one of the beam* steer- 
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1 ing phase shifters 60-63 and the corresponding one of the 
bi-state phase correctors 85-88 of FIG. 1, 

The circuit of PIG. 6 utilizes a magic T four port 
coupler f a coupler which is well known to those skilled in 
5 the art, and described , for example, in "Microwave Antenna 
Theory and Design," edited by Samuel Silver, 1965, 1949, 
Dover Publications, at page 572. In the magic T circuit 
of FIG. 6, a fixed it/2 lag has been added such that both 
signals are real. If is replaced by the sum 

10 signal remains the same at cos^^, but the difference arm 
signal changes sign; consequently the function of the 
coupler 80-83 in the previous discussion is determined by 
the choice of the magnitude of the phase 
function of the bi-state phase shifters 85-88 is deter- 

15 mined by the sign of An alternate realization of this 

circuit is to replace the magic T with a quadrature hybrid 
function and program a fixed 7r/2 phase difference between 
the phase shifters which produce ±flS^. 

The basic modular building block 100 of the present 

20 invention for the transmit mode is shown in PIG. 7 A. The 
module 100 comprises beam steering phase shifter 102 for 
providing one of the characteristic Butler phase shifts 

= nw(2m-2H)/N or mr (2m+l-2H) /N. Phase shifters 104 and 
106 supply respective phase shifts of ±i>^ and +05^^ to pro- 

25 vide the power splitting and phase correction functions as 
described above with respect to FIG. 5. 

The outputs of the phase shifters 104 and 106 are 
provided as inputs to identical solid state high power 
transmit amplifiers 108 and 110, The amplifier outputs 

30 are connected to respective sidearms of magic T coupler 
112. * The output of the sum arm of the magic T, the signal 
cos^^e^^ for a unit input signal at input po^rt l24, is 

35 
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1 coupled to radiating element R^^. The output of the 
difference arm of the magic T is shifted in phase by -7r/2 
to provide, the signal .±sinc5^e^^, coupled to radiating 
element R^^^. 

5 The beams teering functions provided by • the phase 

shifter. 102 in FIG. 7A can be combined with the functions 
of the phase shifters 104 and 10 6; then* only two phase 
shifters are required, one producing s5+<zi and the other 

"^he utility, of the module embodiment of" FIG. 7A may 
be appreciated. by considering several examples.- The array 
controller 40 (shown in FIG. 7B) may control the phase ♦ 
of the beam steering phase shifters 102 of each module in 
accordance with Eq. 4. or Eq.. 5 to • steer the beam to the 

15 desired one of the 2N discrete beams. The magnitude of 
the phase shift cS^ of. phase shifters 104 and 106 'may be 
set to zero. The value selects the aperture 

. distribution by controlling the relative power split 
between the main aperture radiative element and the 

20 corresponding ancillary aperture radiative element. ■ With 
se.t to zero, no power is provided to the ancillary 
aperture elements (sin 0=0) and the transmit signal 
power . will be divided equally among the. N. radiative 
elements comprising the main element aperture. 

25 A second illustrative example is the • case • for the 

phase shift =■ ir/4' radian or 45**. In this case, the 
power in the transmit signal at each, module is divided 
equally between the main element and the corresponding 
ancillary element. Thus, a uniform aperture distribution 

30 is provided over the entire extended array of 2N radiative- 
elements. This distribution maximizes the gain over a 
beam width which is one half that produced by the first 
example (^^ = 0) . 

35 
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The phase value may be selected to provide the 
tapered- illumination described above ^ which minimizes the 
sidelobe level of the resultant radiation pattern, as will 
be appreciated by those skilled in the art. 
5 A further principal advantage of the embodiment of 

FIG. 7A is that substantially all signal power provided 
by the high power amplifiers loa and lio is delivered to 
the radiative elements, since there are no. lossy devices 
between the amplifiers and the radiative elements, 
10- FIG. 7B illustrates a line source transmit array 

employing N transmit modules to M^, each comprising a 
module as described in FIG. 7A. The array of FIG. 7B is 
similar to that of pig. l, except that the transmit • 
modules M^. to have replaced the separate beam steering 
phase shifters 60-63, the couplers-' 80-83 and the bi-state 
phase correctors 85-88. Thus, the uniform corporate feed 
network 55 divides the single input signal into N network 
output signals of equal amplitude and phase. Each of the ' 
modules to is identical to the others. 
2*^): Even with ideal el.einents there is a limit to the 

sidelobe level: which can be produced by modules, strictly 
of the form shown in, FIG. 7A. This arises because of the 
constraint imposed by the magic T couplers 112 on the 
aperture distribution. This constraint may be written in 
the following form for a continuous symmetrical distribu- 
tion over an aperture of length D. 



(X) + A^ (§ -X) = 2A^ (|) 



(7) 
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1 Where x represents distance along the aperture. 
For example", the cosine distribution 

A(x) = coadrx/D) ^ 

5 

satisfies the constraint and produces .23 dB sidelobes, a 
second aperture distribution is shown in FIG. 8 A and 
produced the 27.5 dB sidelobes shown in FIG. 8B. These 
results -were obtained using a trial and error technique, 

la Those skilled in the art may use more sophisticated trial 
and error techniques to achieve lower sidelobes. However, 
a condition will ultimately p& reached where sidelobes 
cannot be lowered further without excessive beam 
broadening and lower gain, 

15 this case, the use of slight loss may produce 

lower sidelobes with higher gain as follows. 

For a desired distribution B(x) '(such as Taylor 
distribution which does not satisfy the constraint of 
Equation 7), there is an optimum distribution A{x) 

20 satisfying Equation 7 which may be modified by 

aitt^nuation to produce BCx) with maximum efficiency. It 
can be shown that this .distribution is given in terms of 
a function ^(x) as follows: 

2S A(x) - siny(x) ^1^1 ; 

- coSY.(D/2-x) § 1 3C £ §1 
tanY(x) = B(x) /B(D/2-x) 0 ^ x ^ 

30 



{9a) 



The resulting efficiency 
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D/2 

Efficiency = (4K3/D) / B»dx , (lo) 



Where l/K^ is the minimum value of (x) + (D/2-x) in 
the interval 0 £ x ^ D/2. For example, if B (x) = cosirx/D, 
Y « 7r/2 - TTX/D, A(x) = B(x) and there is no loss. For a 
32 dB Taylor series distribution n = 4 distribution 
calculations show the efficiency loss is -.48 dB, a small 
price to pay in most practical cases. 

Another line source embodiment is shown in FIG. 9. 
In this embodiment, half of the circuit of FIG. 1 has 
been deleted. This embodiment comprises N main elements 
and N ancillary elements. In this embodiment, N need not 
be even. Pairs of elements, e.g., and Rj^ + 1, are 
interconnected through a coupler, such as that designated 
by numeral 90 and <K phase shift is used with the 
ancillary elements in a manner correspondingly similar to 
that described above for FIG. l. The embodiment of FIG. 
9 is not restricted by the even number of elements 
requirement of FIG. 1. in FIG. l, the surrounding of 
main elements by ancillary elements requires that an even 
number of main elements be used, i.e., a number divisible 
by four, since an unbalance would occur with a different 
number of elements in the ' first ancillary aperture from 
that number -in the second ancillary aperture. The 
embodiment of FIG. 9 has no such restriction and any 
number of main elements may be used. 

The discussion of the operation of the embodiment 
of FIG. 1 is applicable to the embodiment of FIG. 9 
except that the phase of aperture distribution acres? the 
array aperture will have only one discontinuity as 
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opposed to the two discontinuities shown in pig. 2. That 
discontinuity, however, is corrected by means 
corresponding to the correction between the .ain array 
and the second ancillary array of the embodiment of pig 

A Planar array embodiment of the invention suitable 
ror transmit and receive operation is shown in FIGS lOA 
lOB and II. TO provide the capability for the mono^ulse' 
receive mode, circulator/duplexers and low noise ampli- 
fiers are inserted near each radiating element of the 
array with sufficient gain, these amplifiers establish 
the sxgnal-to-noise. ratio, such that lossy power division 
and attenuation can be used downstream without penalty 
An exemplary transmit/receive (T/R) module 130 is shown 
15 in FIG. lOA. The T/R module 130 comprises transmit 
niodule section 100 (depicted in PIG. 7A) . ^Transmit 
signals from the transmit corporate feed 55 are provided 
as inputs to transmit input port 12.4 of each t/r module. 
The inodule- sections 100 are coupled to radiating elements 
\ ^""^ \±N Via respective attenuators lis, us and 
circulators 120, 122. 

The receive section 150 of module 13 0 is coupled to 
the radiating elements R^ and R^^j, via ciroulator/duplex- 
ers 120, 122 and low noise amplifiers 158, 162. The 

25 section 150 provides receive sum and difference signals 
at ports 172, 154. The outputs from amplifiers 158, 162 
are respectfully coupled to the sum arm and to the 
difference arm of magic T couplers. 178, 180 of the 
receive. section 150. The difference arm and the sum arm 

30 of these respective couplers are terminated in matched • 
loads 190, 192. one sidearm of magic T coupler 178 is 
coupled through attenuator 174 to the sum port of magic T 
coupler 194; the other sidearm of magic T coupler 178 is 
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coupled through attenuator- 182 to the sum arm of magic T 
coupler 196. Similarly, one sidearm of magic T coupler 
180 is coupled through attenuator 176 to the difference 
arm of magic T 194; the other sidearm of magic T coupler 
180 is coupled through attenuator 184 to the difference 
arm. of magic T coupler 196. 

The outputs Of the sidearm of magic T coupler 194 
are respectively phase shifted by i^^ (phase shifter 168) 
.and +«J3 (phase shifter 170) and combined. The resultant 
signal is phase shifted by the beam steering phase shift 
<S (phase shifter 166) to provide the receive difference 
signal at port 154 . 

.The outputs of the sidearms of magic T 19S are 
respectively phase shifted by i^Sj (phase shifter 186) and 

15 '^^2 (phase shifter 188) and combined. (The resultant 
signal is phase shifted by eS degrees by beam steering 
phase shifter 172 to provide the receive sum signal at 
sum port 172. The circuitry enclosed by phantom lines 
169 and 199 in FIG. 8A is functionally similar to 

20 transmit circuit 100 with the amplifiers 108, 110 
omitted. 

The power splitting and phase correcting phase 
shift devices 104, io6, 168, 170, 186, and 188 are 
respectively controlled by an array controller (not 

25 shown) to select the appropriate one of the two states of 
these phase shifters to form the desired beam. 

Independent transmit, receive sum and re'ceive 
difference channel .patterns are obtainable by choosing 
the phase shifts ±^2' *'*2' *«*3 and the attenuation 

30 levels of attenuators 116, 118, 182, 184, 174 and 176 (if 
necessary at all for ultra low sidelobes) . All modules 
in an array are preferably identical, except for these 
attenuators. The phase shifts i^^, i^^, and ±^3 i are 
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determined by computer software control, and are variable 
during operation to produce different patterns, should 
that be desired for clutter or interference rejection 
purposes. Thus, the respective phase shifts i^r i^, «5 
may be independently selected to achieve desired apertuL 
amplitude distributions for the respective transmit, 
receive sum and receive difference patterns. 

FIG. lOB is a schematic diagram of an array system 
employing the transmit/receive, modules 13 0 depicted in 
FIff. lOA to provide transmit, receive sum and receive 
difference channels, m this example, the 2N radiating 
• elements are coupled to the transmit corporate feed 
. network 55 by the transmit/receive modules TR -TR„. Bach 
radiating element has a particular. duplexer, attenuator 
15 and^low noise amplifier set (122, lis, 162 or 120, lie, 
158) associated with it, as shown in FIG. lOA. 

The respective outputs 172, 154 of each 
transmit/receive module TR^-TRj^ are coupled to the 
respective uniform corporate feed networks 132 and 134 to 
20 provide the receive sum channel and receive difference 
channel signals, respectively. The networks 55, 132 and 
134 are' identical. 

The modules TR^^-TRj^ of FIG, lOB may be fabricated 
as identical modules whose physical configuration is 
25 illustrated generally in the schematic perspective view 
of FIG. 11. The module i ncludes RF co nnectioiis_ f or the 
transmit signal input T, the two receive signals RC^ and~ 
RCj, and the connections to the radiating elements R. and 
\±N' PoweJ^ control signal lines, in addition, the 
30 attenuators 116, lis, 182, 184, 174 and 176 may be pro- 
vided in the form of plug-in elements. Further, the low 
noise amplifiers 158, 162 and circulators 120, 122 may be 
incorporated into the re;spective mbdules. ■ Thus, each 
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module is identical except for the value of the attenua- 
tors • 

In the special case of uniform transmit 
illumination one can compare the use of this technique 
with the usual identical module per element approach. 
For this special case, both arrays produce the same 
patterns with 13 dB sidelobes, have the same number of 
transmit modules, circulator/duplexers, and low noise ' 
amplifiers. The array, employing the present invention 
does have more passive circuitry and low power phase 
shifters. The array employing the invention, however, is 
able to produce a tapered aperture distribution and 
provide the low sidelobes nbt otherwise achievable with 
identical modules alone. 
^5 Alternate embodiments of the transmit circuit loo 

which do not employ magic T couplers may be constructed 
using 90* hybrid couplers. FIG. 12A illustrates the 
basic transmit circuit 100 of FIG. lOA with circulators 
120', 122' and attenuators 116', lis' added. FIG. 12B is 
20 a first alternate embodiment 100-" of the circuit 

representation of FIG. 12A which employs 90' (quadrature) 
hybrid couplers 111'' and 113" in place of the magic T 
coupler 112', eliminating the need for the fixed phase 
shifter 114' of FIG. 12A. Further, quadrature hybrids 
25 are easier to construct- in stripline.or microstrip* 
transmission lines than magic T couplers. 

Quadrature hybrid couplers are well known to those 
skilled in the art, and comprise two pairs of ports. If 
one port of one pair is driven by a unit signal (i.e., of 
30 value one) then the power at the corresponding through 
port of the second pair will be 1/(2)^, the power at the 
coupled port of the second pair will be -j/(2)^, and 'the 
power at the other port of the first pair will be zero. 
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Thus assuMing a unit input to module 100", one output 

■ anTir ^^--^ th. amplitude t'cos., 

and the output to the corresponding ancillary element 
y+N ^n-N ^^.^ amplitude T2Costf, „ith T, and T 
being the corresponding attenuation values for ^ 
attenuators lie" and lis", and i is the magnitude of the " 
Phase Shift introduced by phase shifters 104'' and 106" 

FIG. 12C illustrates a third embodiment lOO'" of 
the transmit module which is a preferred embodiment 
because of practical hardware characteristics . m this 
embodiment, the circulators 120''' and 122'" and 
attenuators iis'.. and lis-" are placed between the 
hybrid couplers ill'" and 1X3"', in contrast to the 
module configuration of pig.. 12B. This placement has 
■several practical advantages, one advantage is that the 
circulators 120"' and 122"' carry the same power 
levels, whereas one of the circulators 120' and 122 > of 
PIG. 12A or one of the circulators 120" and 122" of EIG 
1?B may carry most of the power in highly tapered 
aperture distributions. Thus, the' power rating of the 
circulators may be reduced by a factor of about 50%. a 
second advantage is that the attenuators. US'" and 
116' ' ' within a module have the same attenuation value 
.relaxing. phase tracking^ Finally, residual tracking 
corrections are easier to implement in software for the 
circuit of FIG. 12C. 

The attenuators T3 .in the embodiment of fig. 12C 
have the attenuation value T^a » Tj^scosa^ + T^^sin't^, 
The magnitude of the phase shift of phase shifters 104"' 
and 106 " > is «[. = tan'^ [ (TjS.inrf) / (Tj^cos^) ] . 

A third embodiment of the invention is depicted in 
FIGS. 13- -.5. This embodiment is a two-dimensional -array, 
wherein .the techniques described above respecting FIGS. 
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1 1-11 are extended to two dimensions. In PIG. 13, a basic 
planar array of NxL radiating elements is divided into 
four quadrants. Each radiating element "in the basic 
array is coupled to two other elements at A(n,m) . For 
5 basic elemiant A(n,m) in the lower left quadrant, for 
example, one of the ancillary elements is located in an 
ancillary array at A{n+N,m) , and the other element is 
A(n,m+L) . The three elements are coupled by a three-way 
power divider, with representing the power division 
10 factor between the main element at A(n,ra) and the 

ancillary element at A(n+N,m), and B2 representing the 
power division factor between the main element and the 
ancillary element at A(n,m+L) . For unit power inputs, 
the basic element at A(n,m) may have output power (cos^S^, 

15 +cos^0 )/2 and each of the two ancillary elements have 

2 

power sin* and sin Bj/^/ respectively, thereby 
satisfying energy conservation at the three-way divider 
fitted to each basic element. Each quadrant- may contain 
numerous radiating elements. • 

20 The choices of the division factors and B 2 

each basic element allow an amplitude taper to be applied 
to the array. Each basic element has two ancillary 
elements; therefore, the added' area of the aperture is 
twice that of the basic area. The requirement of certain 

25 discrete phase shifters (for the special case discussed 
above of the-cha-raoterjlstdc— Butler phase shifts) and the 
0 or additional phase shifts ne issary to obtain full 
volumetric coverage by a pencil beam are the same as for 
a linear array due to the separability of the beam- 

3Q steering phases. 

This technique is extended to the remaining three 
quadrants in the basic area producing a total apertute 
which has three times the area of the original basic 
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1 array* The areas which are connected directly are shown 
in" FIG. 14 where represents an element in the nth 
quadrant of the basic array and B^^ and C^^ are the ancil- 
lary areas. 

5 The transmit building block 200 for the two-dimen- 

sional array is- shown in FIG. 15, and requires two- magic 
T couplers 214, 232, one combiner T 218, and four equal 
level power amplifier modules 210, 212, 228, 230. These 
elements are located in two substantially identical 

10 modules 201 and 221. In these modules, the amplifier 
modules 210, 212, 228, and 230 are also substantially 
identical. Also substantially identical are the' phase 
shift devices 206, i208, 224, and 226. Their phase shift 
values, may be controlled as shown in FIGS. lOB and li. 

15 Two high power amplifier ■moduleq 228,^230 of phases 

iBj^.and relative power 1/4 each are combined in magic T 
232 to produce outputs as cosa^/(2)^ and ±3inB^/(2)^, the 
latter output being connected at port 234 to an ancillary 
element. 

20 The two high power amplifier modules 210, 212 are 

phased '±3^ and combined in magic- T 214 to produce outputs 
as cos B 2/ (2)^ and tsinB^/CS)^, the latter being connected 
at port 216 to the other ancillary element. 

The- two. Slim outputs of respective magic Ts 214, 232 

25 (cosfij^/{2)^ and ±cos02/2) are combined in a combiner T 218 
to provide at port 220 the output power (cos^B^^ + 
cosa.Bj)/^. 

The values of 0^ and are selected to provide the, 
tapered amplitude distribution. Beamsteering is accom- 
3^Q plished by the setting of the phase shift of phase 
shifter 204. Resistive loading may also be used for^ 
additional tapering and sidelobe reduction. The receive 
mode function of operation is obtained. by inserting 



35 



^°«W2> PCr/US88/01242 



25 



1 duplexers at each element and constructing circuits 

similar to the transmit circuit, as described above for 
the one dimensional (linear) array. Independent sum and 
difference patterns can be obtained as in the case of the 

5 linear array. 

Another planar array embodiment using three 
ancillary elements with each main element thereby forming 
a group of four elements is shown in FIG. 16. This 
allows a full rectangular aperture with a tapered, 
10- separable aperture distribution. An element, A in 
the main array is connected to the same two .ele54n?s as 
.in FIG. 13 (A^^^^ ^ and A„^ ^ , but an additional 
ancillary element (A„ + n, m + i« employed. The 

entire array comprises quartets of elements disposed in 
j5 the pattern shown in PIS, 16 except translated and/or 
rotated. The total area of the array is now four times 
greater than the main array. 

The radiation pattern resulting from this 
embodiment has main sidelobes in the principal planes 
only (vertical and horizontal planes when the beam is' 
broadside). Thus the 27.5 dB sidelobes for the linear 
array can be produced by this planar array as well. 

A simplified interconnection of four elements is 
shown in the module schematic, FIG* 17. The input is 
25 provided at terminal 301. Four elements 300, 302, 304, 
306 are connected to 3 dB hybrid junctions 308, 310, 312, 
314, which are connected in turn to amplifiers 316 and 
phase shifters 318. The phase shifter settings shown in 
FIG. 17 produce the four outputs indicated at the 
elements 300, 302, 304, 306 assuming unit input and 
disregarding amplifier gain. There is substantially no 
loss, and amplitude tapering can be modified by changing 
the phase shifters only. . The input with unit magnitude 
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may be phase shifted such that a beam comprising the ' 
contributions of each quartet can be steered in space in 
small discrete steps as in the previous planar array 
embodiment. Also the phase shifter requirement can be 
met by changing the sign of the 4^ and phases as 

required for beam steering in both planes. Duplexers may 
be- added at the element level for independent receive 
beams ^ or between the amplifiers 316 and output hybrids 
30&, 3;10, .312, 314/ just as in the linear array module of 
FIG. 12C. 

A solid state electrically scanned phased array 
with low sidelobes (tapered aperture illumination) using 
identical solid state modules has been disclosed. The 
advantages of this invention include the following: 
]_5 (1) Easier engineering design since, only one 

module type need be- considered. 

(2) Lower production cost since the entire array, 
is composed of only one module type. 

(3) Improved phase and amplitude tracking ^between 
modules and improved radiation pattern performance since • 
the modules are all identical and need only be' built 
similarly to achieve the phase/ amplitude tolerance. . 

(4) High efficiency transmitter operation since 
all transmit sections are identical and may be tuned for 
optimum performance (efficiency, bandwidth, gain, output 
•power, —low noise) while still maintaining the ability to 
achieve a tapered aperture illumination and consequent 
low sidelobes in both transmit and receive modes. 

(5) Rapid (pulse to pulse in a radar) 
selectability of pattern characteristics, i.e., change 
beamwidth, sidelobe level, depending on system mode of 
operation, jamming and clutter environment. 
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I (6) Amplitude and phase type adaptive nulling 

capability on receive. 

It is understood that the above-described embodi- 
ments are merely illustrative of the possible specific 

5 • embodiments which can represent principles of the present 
invention. Other arrangements may be devised in accor- 
dance with these principles by those skilled in- the art 
without departing from the scope of the invention. 
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What is claimed is : 

1* A phased .array having a plurality of equally 
. spaced radiating elements, dividing means for dividing 
(55') an input signal into K feed outputs (56-59) of 
equal power and phase, and means for applying phase 
shift (60-63) for steering beams of the array, 
characterized in that: 

the radiating elements comprise a group of N main 
radiating elements (72-75) equally spaced to form a 
. linear main element aperture; 

the radiating elements also comprise N ancillary 
radiating elements (70, 71, 76, 77) disposed outside the 
group of said main radiating elements (72-75)' and in 
linear alignment therewith to form said at least one 
ancillary aperture; 
i5 said means for applying phase shift comprises N 

beam steering phase shifters (60-63) for use in steering 
the beam in a desired direction, one each coupled to a 
corresponding feed output (56-59) and supplying phase 
shifted feed outputs, and 
20 comprises coupling means (80-83, 85-88) for 

coupling each phase shifted feed output to a main 
radiating element and to a corresponding ancillary 
radiating element- and for applying phase shift to the 
signals applied to said ancillary radiating elements to 
25 achieve linear phase continuity between the elements of 
the main aperture and those of the at least one 
ancillary aperture such that a uniform phase gradient is 
invoked across the apertures. 

f 

i . 2 . The . array • according to claim 1 f urther 

charaicterized in that the coupling means comprises 
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amplifier means (108, 110) for amplifying said feed 
outputs after phase shift has been applied. 

1 3 . The array according to any preceding claim 

further characterized in that said coupling means is 
responsive to a control signal for adjusting the 
relative power in said respective main and ancillary 

5 element signals to provide a desired array aperture 

amplitude distribution. 

1 4. The array according to Claim 3 further 

characterized in that said coupling means comprises N 
identical modules (100) , one for each of the N phase 
shifted feed outputs (56-59) , and each module provides 
5 one of said main element signals and said respective 

ancillary element signal. 

1 5. The array according to Claim 4 further 

characterized in that each of said modules (100) 
comprises: 

means for dividing said respective feed signal into 
5 first and second signal components of equal amplitude; 

first means for phase shifting (104) said first 
signal component by the positive or negative of a 
selected phase value; 

second means for phase shifting (106) said second 
10 signal component by the negative or positive of said 
selected phase value; 

said first and second means for phase shifting are 
responsive to said control signal for selecting said 
phase value and the corresponding positive or negative 
15 sign associated therewith; and 

means for receiving said first and second phase 
shifted components and providing said main and ancillary 
- module outputs therefrom, wherein the amplitude of said 
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main output signal is proportional to the cosine of said 
20. selected phase value, and the amplitude " of said 
anoxllary output is proportional to the positive or 
negative of the sine of said phase value, the value of 
said selected phase value being selected to provide the 
desired array aperture amplitude distribution. 

1 .6. The array according to any preceding claim 

further characterized. in that said N ancillary radiating 
elements (70, 71, 76, 77) ate disposed such that N/2 
radiating elements are disposed in a uniformly spaced 

5. relationship adjacent each end of said main element 
aperture to form first and second ancillary element 
arrays. 

1 7. The array according to ciaim i further 

Characterized in that said N ancillary radiating 
elements are disposed in a uniformly spaced relationship 
adjacent one end of said main element aperture to form 

5. an ancillary element array. 

1 8. The phased array according to Claim -l wherein 

the array is two dimensional, further characterized in 
that: 

the dividing means (55) divides the input signal 
5- . into N X L feed outputs of equal power and phase; 

said means for applying phase shift comprises N x 
I. beam steering .phase shifters (204) for use in 
steering the beam' in a -desired direction, one each 
coupled to. a corresponding feed output (202) and 
10 • supplying phase shifted feed outputs, 

said radiating elements comprise a matrix of 
rectilinear N main elements by L main elements forming a 
two dimensional main .element, aperture; 
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said radiating elements also comprise a matrix of 
15 ancillary elements, each ancillary element comprising a 
plurality of radiative elements, said ancillary elements 
being disposed outside of and adjacent said main 
elements matrix such that two ancillary elements are 
disposed in a rectilinear relationship with a respective 
20 main elements- 
first (220), second. (216), and third (234) output 
' terminals; 

means for coupling said first output terminal to a 
radiating element of a main element; 
25 means for coupling said second and third output 

terminals to respective radiating elements in said 
respective ancillary elements disposed in said 
rectilinear relationship with said main element; 

said coupling means is also for processing each 
30 said phase shifted feed output to provide first, second, 
and third output signals and for connecting said first, 
second, and third output signals to said first (220), 
second (216), and third (234) output terminals 
respectively, said coupling means also for controlling. 
35 amplitudes to achieve a desired array aperture amplitude 
distribution, and said coupling means also for 
controlling phases so that said second and third output 
signals are- selectably in phase or out of phase with 
said first output signal to result in a uniform phase 
gradient between said main and respective ancillary 
elements ; 

wherein said coupling means comprises: 
second dividing means for dividing said feed 
output into a plurality of signals; 

phase correcting means (206, 208, 224, 226) for 
applying a phase cotrection of either zero or 180 
degrees to the plurality of signals to achieve linear 
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phase continuity between the main aperture elements and 
thiair respective ancillary elements; and 

a plurality of substantially identical amplifiers 
(210, 212, 228, 230) for amplifying the phase corrected 
plurality of signals. 

9. .The phased array according to Claim 1 wherein 
the array is two dimensional, further characterized in 
that: 

the dividing means (55) divides* the input signal 
into N X L feed outputs of equal power and phase; 

said means for applying phase shift comprises N x. 
L beam steering phase shifters for use in steering the 
beam in a desired direction, one each coupled to a 
corresponding feed output (301) and . supplying phase 
shifted feed outputs, 

said radiating elements (300, 302, 304, 306) 
comprise a matrix of rectilinear N main elements by L- 
main, elements forming a two dimensional main element 
aperture? 

said radiating elements also comprise a matrix of 
ancillary elements, each ancillary element comprising a 
plurality of radiative elements, said ancillary elements 
being disposed outside of and adjacent said main 
elements matrix such that three ancillary elements are 
disposed in a rectilinear relationship with a respective 
main element; 

first, second, third and fourth output. terminals;. 

means for coupling said first output terminal to a 
radiating element (300) of a main element; 

means for coupling said second, third, and fourth 
output terminals to respective radiating elements (302, 
304, 306) in said respective ancillary elements disposed 
in said rectilinear: relationship with said main element; 
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said coupling means is also for. processing each 
said phase shifted feed output to provide first, second, 
third and fourth output signals and for connecting said 
first, second, third, and fourth output signals to saiji 
first, second, third, and fourth output terminals 
respectively, said coupling means also for controlling 
amplitudes to achieve a desired array aperture amplitude 
distribution, and said coupling means also for 
controlling phases so that said second, third, and 
fourth output signals are selectably in phase or out of 
phase with said first output signal to result in a 
uniform phase gradient between said main and. respective 
ancillary elements; 

wherein said coupling means comprises: 
second dividing means for dividing said feed 
output into a plurality of signals; 

phase correcting means (318) for applying a phase 
correction of either zero or 180 degrees to the 
plurality of signals to achieve linear phase continuity 
biatween the main aperture elements and their respective 
ancillary elements; and 

a plurality of substantially identical amplifiers 
(316) for amplifying the phase corrected plurality of 
signals. 
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